There is growing interest in how environmental conditions, such as resource availability, can modify the severity of inbreeding depression. However, little is known about whether inbreeding depression is also associated with differences in individual decision-making. For example, decisions about how many offspring to produce are often based upon the prevailing environmental conditions, such as resource availability, and getting these decisions wrong may have important fitness consequences for both parents and offspring. We tested for effects of inbreeding on individual decisionmaking in the burying beetle Nicrophorus vespilloides, which uses the size of a carrion resource to make decisions about number of offspring. Both inbred and outbred females adjusted their initial decisions about number of eggs to lay based on carcass size. However, when we forced individuals to update this initial decision by providing them with a different-sized carcass partway through reproduction, inbred females failed to update their decision about how many larvae to cull. Consequently, inbred females reared too many larvae, resulting in negative fitness consequences in the form of smaller offspring and reduced female post-reproductive condition. Our study provides novel insights into the effects of inbreeding by showing that poor decision-making by inbred individuals can negatively affect fitness.
Introduction
Inbreeding, defined as the mating of related individuals, is often associated with a reduction in offspring fitness, a phenomenon known as inbreeding depression [1] . Inbreeding leads to a general loss of heterozygosity, which is thought to cause inbreeding depression by increasing the likelihood that recessive, deleterious alleles are expressed [1] . There is good evidence that inbreeding has an adverse effect on life-history traits that are associated with fitness, such as growth, survival and reproductive success (e.g. [2] [3] [4] [5] [6] ). However, the severity of inbreeding depression can vary considerably both among and within species [3, 7] , and there is mounting evidence that some of this variation may be attributed to variation in environmental conditions [8] [9] [10] . For example, environmental stresses such as starvation and competition tend to exacerbate inbreeding depression [9, 10] , whereas benign conditions reduce inbreeding depression [11, 12] . Such interaction effects between inbreeding and environmental conditions may be particularly important for life-history traits given that investment in growth, survival and reproduction are often conditional upon the prevailing environmental conditions, such as the amount of resources that are available to individuals [13] .
Previous work on the interaction between inbreeding and environmental conditions has compared the severity of inbreeding depression under different environmental or social conditions [9, 10] . However, we currently know little about how inbreeding depression is associated with differences in individual decision-making based on variation in environmental conditions. This is unfortunate because individual decisions about investment in a given life-history function are often conditional upon the prevailing environmental conditions (e.g. [14] [15] [16] ). For instance, breeding adults need to make decisions about the number of offspring to produce in a given reproductive attempt based upon information about the amount of available resources [17] . Individuals can get this decision wrong by producing either more or fewer offspring than would be optimal under the current conditions. Either incorrect decision would be associated with a fitness cost for parents and/or their offspring as parents that produce too few offspring fail to take full advantage of a breeding opportunity, while parents that produce too many risk producing offspring that are smaller than their optimal size and/or having fewer resources to allocate to future reproduction. Currently, we have a poor understanding of the effects of inbreeding on individual decision-making. Potentially, inbred and outbred individuals may differ in their ability to optimize their decisions based upon information about environmental conditions, and if this is the case, this may provide one potential mechanism for why the severity of inbreeding varies depending on environmental conditions. Thus, it is now timely to expand our understanding of the interaction between inbreeding depression and environmental conditions by investigating whether inbreeding is associated with differences in individual decision-making under variable environmental conditions.
We investigated the effects of inbreeding on decisions made based on information about current resource availability using the burying beetle Nicrophorus vespilloides. In this species, parents raise broods of larvae on a small vertebrate carcass [18] . Parents prepare the carcass by removing hair or feathers, rolling the carcass into a ball, and applying oral and anal secretions that prevent decay [18, 19] . This carcass resource makes burying beetles a suitable system for studies of decision-making based on resource availability because individuals make repeated reproductive decisions based upon the size of the carcass on which they breed. First, females use carcass size to make an initial decision about how many eggs to lay [20] [21] [22] . Second, females update this decision after hatching by deciding how many larvae to rear by actively culling some larvae through filial cannibalism [20, 21, 23, 24] , a behaviour that is known to have a genetic component [25] . In addition, beetles face a decision about how much of the shared resource to consume themselves for investment in somatic maintenance (and hence future reproduction) [26, 27] . These reproductive decisions have important fitness consequences for offspring as brood size influences the size of dispersing larvae through the trade-off between offspring size and number [17, 28] . Offspring size in turn affects an individual's reproductive fitness as an adult, as smaller larvae develop into smaller adults [20, 29] , which are less successful in competition for breeding resources [30] . In addition, there is evidence for inbreeding depression in life-history traits such as larval survival and adult lifespan in N. vespilloides [12, 31, 32] , and previous work shows that these effects are conditional upon aspects of the environment, such as the presence of parental care [12] . Previous work on N. vespilloides shows that there is no difference in adult body size of inbred and outbred individuals [12, 33] , and that there is no difference in time until onset of egg laying, egg size or offspring development time between inbred and outbred females [34] .
We first tested for effects of inbreeding on the initial decision about the number of eggs to lay by recording the number of eggs inbred and outbred females decided to lay when provided with either a small or large mouse carcass.
Next, we examined the effects of inbreeding on a female's ability to update this initial decision by manipulating resource availability partway through reproduction. We did this to test whether inbred and outbred differed in their ability to update their initial decision partway through reproduction when environmental conditions change and/ or new information is acquired [35 -37] . We therefore replaced the initial carcass with another prepared carcass that was smaller, larger or the same size when compared with the first carcass. We did this during the phase in which beetles actively regulate brood size by filial cannibalism and recorded how many offspring females decided to rear. Therefore, in our experiment inbred and outbred females made an initial decision based on resource availability determined through the size of the carcass, but subsequently had to update this decision in response to a change in resource availability. In addition, to estimate the fitness consequences of the investment decisions made by inbred and outbred females, we measured both the average mass of her offspring and the female's own change in mass. The latter is used as a proxy for female investment to future reproduction [26, 27] .
Material and methods (a) Beetle husbandry
We used virgin beetles from a laboratory population maintained at the University of Edinburgh. The beetles used in this study were from the seventh generation of beetles originally collected in Edinburgh, UK. We maintain a large population each generation, outcross our stock population with wild-caught beetles each summer, and only mate males and females that have no common ancestor for at least two generations, resulting in very low levels of inbreeding in our stock population [38] . Beetles were housed individually in transparent plastic containers (12 Â 8 Â 2 cm) filled with moist soil and kept at 208C under a 16 L : 8 D cycle. We fed all non-breeding adults small pieces of raw beef twice a week.
(b) Experimental procedures
We generated outbred and inbred females for use in the experiments by breeding males and females from our stock population in the previous generation. To produce outbred individuals, we paired beetles that had no common ancestors for at least two generations [31, 38] . To produce inbred individuals, we paired beetles that were full siblings. When the inbred and outbred female offspring from these pairs reached adulthood, they were maintained according to the same protocol as for the stock population (see above) until they reached sexual maturity at 10 days post-eclosion. Each of these experimental females was then paired with an outbred, unrelated, virgin male from the stock population. We did this to ensure that offspring produced by experimental pairs were always outbred such that any effects on the number of eggs laid, the number of larvae reared, and female and offspring mass could be attributed to the inbreeding status of the experimental females.
On the day of mating, we measured the pre-breeding mass of each female, which we later used to estimate the female's mass change over the breeding attempt (see below). Each experimental pair (n ¼ 236) was placed in a transparent plastic container (17 Â 12 Â 6 cm) filled with 1 cm of moist soil and a freshly thawed mouse carcass (Livefoods Direct, Sheffield, UK) that was either large (22-26 g: mean + s.e.: 22.81 + 0.12 g; n ¼ 108) or small (4-8 g: mean + s.e.: 6.13 + 0.21 g; n ¼ 128). After mating, we rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180419 checked the containers twice a day for the presence of eggs. Immediately before larvae started hatching, we recorded the number of eggs laid by counting the total number of eggs visible at the bottom of the transparent breeding box [22, 39, 40] . Because each box contained only a thin layer of soil, the number of eggs visible at the bottom of the box is strongly correlated with the actual clutch size [39] . At this stage, we also removed the male from the container to ensure that males did not contribute to brood reduction. Removal of the male has no effect on offspring fitness under laboratory conditions [41] .
After the female had stopped laying eggs, but before the larvae hatched and reached the carcass, we created an experimental change in resource availability by removing the original carcass and replacing it with a prepared carcass from another pair. For both inbred and outbred females initially given a large carcass, we replaced the original carcass with either a small carcass (L ! S) or another large carcass (L ! L). Similarly, for inbred and outbred females initially given a small carcass, we replaced the original carcass with either a large carcass (S ! L) or another small carcass (S ! S). Thus, our experimental design had four treatments: one treatment in which resource availability was increased (S ! L), one treatment in which resource availability was decreased (L ! S) and two control treatments in which resource availability was kept the same (L ! L and S ! S). The purpose of these control treatments was to control for the potential effects of disturbance to females while replacing the initial carcass and to ensure that any potential effects were driven by a change in resource availability (i.e. carcass size) rather than a change in carcass per se. In a few cases (n ¼ 24), some larvae had reached the carcass at the time of switching. In these cases, we carefully transferred any larvae that were present on the original carcass to the new carcass. There was no difference between inbred and outbred females in the likelihood for larvae to be present before carcasses were exchanged (x 2 ¼ 0.15, p ¼ 0.69). Likewise, there was no difference between inbred and outbred females in the number of larvae present before carcasses were exchanged (t 23 ¼ 0.69, p ¼ 0.49). To ensure there was no limitation in the number of prepared carcasses at the time of larval hatching, we also set up additional matings of beetles from the stock population on both large and small carcasses. These donor beetles did not receive a new carcass and were not used in the rest of the experiment. Subsequently, our 2 Â 4 factorial design yielded the following eight treatment groups:
We left females to care for their brood on the new carcass until the larvae dispersed from the carcass, which happens approximately 5 days later. At the time of dispersal, we weighed the female again. By subtracting each female's pre-breeding mass from her post-breeding mass, we calculated her change in mass over the breeding attempt. We used the female's change in mass as a measure of somatic investment and thus allocation to future reproduction [26, 27] . At the dispersal stage, we also recorded the number of larvae, the total mass of the brood and the number of unhatched eggs visible at the bottom of the box. By subtracting the number of unhatched eggs from the clutch size recorded earlier, we estimated the number of eggs that had hatched. Based on this information, we calculated hatching success as the proportion of eggs that hatched. We also calculated the average mass of offspring in each brood by dividing the total mass of the brood by the number of larvae.
(c) Data analysis
All analyses were performed using R v. 3.3.3 [42] . We used general linear models for continuous traits with normally distributed
. For proportional data, we used generalized linear models fitted with a binomial error distribution corrected for overdispersion (hatching success).
For analyses of number of eggs laid and hatching success, models included the following factors: female inbreeding status (outbred or inbred), initial carcass size (large or small) and the interaction between the two. A statistically significant interaction would suggest that a female's inbreeding status influenced her initial decision about the number of eggs to lay in response to resource availability. For analyses of number of offspring, average offspring mass and female mass change, models included the following factors: female inbreeding status (outbred or inbred), resource treatment (L ! L, L ! S, S ! S or S ! L), and the interaction between the two. Here, a statistically significant interaction would suggest that the inbreeding status of a female influenced her updated decision about the number of offspring to rear in response to the change in resource availability.
Results (a) Reproductive decisions
We found that only the size of the initial carcass influenced decisions about the number of eggs laid. Females initially given a small carcass laid fewer eggs than those that were initially given a large carcass (table 1; figure 1a ). There was no difference in the number of eggs laid by inbred and outbred females (table 1; figure 1a ) and no effect of the interaction between the initial size of the carcass and female inbreeding status (table 1; figure 1a ). In addition, there was no effect of inbreeding status, initial carcass size or the interaction between them on hatching success (table 1) .
We found evidence that inbred and outbred females differed in their updated decision about the number of offspring to rear in response to a reduction in resource availability during reproduction. Outbred females adjusted their decisions about the number of offspring to rear (i.e. how many offspring to cull) when resource availability decreased (i.e. L ! S treatment) by producing fewer offspring (table 2; figure 1b). By contrast, as indicated by the significant interaction between inbreeding status and the resource treatment, inbred females failed to adjust their decisions and reared more offspring (i.e. culled fewer) than outbred females when resource availability decreased during reproduction (table 2; figure 1b). As expected, females that experienced low resource availability throughout reproduction (i.e. S ! S treatment) produced fewer offspring than females that experienced high resource availability throughout (i.e. L ! L treatment), while an increase in the availability of resources (i.e. S ! L treatment) had no effect on the number of dispersing offspring (table 2; figure 1b).
(b) Fitness consequences
When inbred females produced more offspring in the L ! S treatment, they also produced larvae that had a lower body mass, as evidenced by a significant interaction between inbreeding status and resource treatment (table 2; figure 2a). Larvae were also smaller when reared on a small carcass throughout reproduction (i.e. S ! S treatment). However, there was no main effect of the female's inbreeding status, a decrease in resource availability (i.e. L ! S treatment) or an rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180419 increase in resource availability (S ! L treatment) on offspring mass (table 2; figure 2a) .
Similarly, when inbred females in the L ! S treatment produced more offspring, they also gained less mass during breeding (table 2; figure 2b). There was no difference between inbred and outbred females in their body mass prior to breeding (t 1,234 ¼ 0.03, p ¼ 0.99), but inbred females gained less mass than outbred females during reproduction (table 2; figure 2b ). In addition, females that experienced a reduction in resource availability (i.e. L ! S treatment) gained less mass than females in other treatments (Tukey's figure 2b) . However, the effect of resource treatment on female mass change was most pronounced in inbred females, as indicated by a significant interaction between female inbreeding status and resource availability. In fact, inbred females in the L ! S treatment lost mass during reproduction (figure 2b), while females in other treatments gained mass.
Discussion
In this study, we tested whether inbreeding is associated with differences in the ability of female N. vespilloides to make decisions about the number of offspring to rear based on information about the amount of available resources. We found that inbred and outbred females did not differ in their initial decision about the number of eggs to lay on a given carcass size. In fact, both inbred and outbred females plastically adjusted their initial decision to resource availability by laying fewer eggs when breeding on smaller carcasses. However, when females were forced to update their decision about the number of offspring to cull because resource availability had been experimentally reduced, only outbred females responded by culling more offspring. Thus, we found evidence that inbreeding had adverse effects on individual decision-making, as inbred females failed to update their decision about the number of offspring to produce when provided with new information about the current environmental conditions. This effect may reflect that inbred individuals have a reduced ability to detect, process and/or respond to changes in environmental cues [43, 44] . For example, inbred individuals may be less able to process new information about their environment if their cognitive performance is impaired, as reported for humans, rats and flies [45] [46] [47] . Our experiment cannot identify the precise proximate mechanisms underpinning effects of the interaction between inbreeding and environmental conditions, and there is now a need for empirical studies to examine the cognitive mechanisms of decision-making by inbred and outbred individuals.
Our study also shows that the failure of inbred females to update their decision about how many offspring to rear had negative fitness consequences for both the female and her offspring. The failure of inbred females in the L ! S treatment to cull a sufficient number of offspring meant that inbred females reared a brood that was too large for a small carcass. Consequently, the average mass of the inbred female's larvae in this treatment was around one-half that of larvae in other treatments (figure 2a). In this and other species in the genus Nicrophorus, larval body mass is strongly correlated with adult body size [20, 29] , which is itself an important determinant of an individual's success in intraspecific competition for carcasses, and hence its reproductive success [30] . Thus, rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180419 the smaller larvae produced by inbred females in the L ! S treatment develop into smaller adults that are less likely to secure a carcass for reproduction. Our study therefore shows that errors in individual decision-making by inbred females resulted in production of more offspring than would be optimal for the current conditions with negative consequences for the offspring's body size and thus their future reproductive success. In contrast, outbred females were adept at culling their brood size to match the change in resource availability and consequently produced offspring of a similar size across treatments (figure 2a). This outcome matches the predictions of theoretical models for the tradeoff between offspring size and number, which suggest that parents should keep offspring size constant but vary the number of offspring when faced with variation in resource availability [17, 48] . Furthermore, we found that inbred females in the L ! S treatment lost mass during reproduction, unlike females in other treatments, who gained mass during reproduction (figure 2b). Mass gained during reproduction is a proxy for investment to somatic maintenance and hence future reproduction [26, 27] , and this result therefore suggests an additional fitness consequence of poor decision-making by inbred females; that is, such females are likely to be in poorer post-reproductive condition, and thus have fewer resources available to invest in future reproductive attempts. An alternative explanation is that inbreeding triggers terminal investment as suggested by prior work on this species [32] , in which case inbred females may shift their investment towards current reproduction at the expense of future reproduction. In support of this, we found that s.e. s.e. s.e. rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180419 inbred females gained less mass during reproduction, which indicates reduced allocation to future reproduction [26, 27] . However, the decision by inbred females to cull fewer offspring was also associated with a reduction in offspring size, which, as discussed above, is an important determinant of offspring's reproductive success as adults [30] . Therefore, it seems unlikely that the observed result can be explained by terminal investment as inbred females that culled fewer offspring also produced poorer-quality offspring.
Our results add to our understanding of the detrimental effects of inbreeding on fitness-related life-history traits by suggesting that inbreeding influences individual decisionmaking in situations where individuals must update an initial decision to a change in the prevailing environmental conditions. Previous work has found that the fitness consequences of inbreeding are often exacerbated under stressful environmental conditions such as when resources are limited [9] , but crucially offer only limited information on possible mechanisms to explain why inbred individuals perform more poorly. Here we highlight that one potential mechanism for these effects is that inbred individuals are poor at updating their investment decisions to a change in environmental conditions. In this study, we forced females to update their initial investment decision by replacing the carcass during the phase in which they decide how many hatched offspring to cull. This manipulation allowed us to test the general principle that inbreeding may influence the ability of individuals to update their decisions about the number of offspring to produce when provided with new information about the prevailing environmental conditions. It is obviously unlikely that burying beetles would experience such a direct change in resource availability during reproduction in the wild, given that typically the carcass is buried soon after being encountered [18] . Nevertheless, outbred females responded correctly to the change in resource availability by updating their decisions and culling more offspring, demonstrating that this manipulation was appropriate as a proof of concept. Therefore, our results demonstrate that inbreeding has the potential to influence the ability of individuals to make decisions when provided with conflicting information about environmental conditions. Such effects of inbreeding may be important in other more general contexts wherever individuals must update their decisions because of a changing environment and suffer fitness costs if they make mistakes. For instance, inbreeding may impair decisions about the timing of reproduction made using temperature cues that are being increasingly perturbed by climate change [43] .
In summary, our study provides novel insights into the association between inbreeding depression in life-history traits and variation in environmental conditions. Inbreeding has long been known to have a detrimental effect on reproductive fitness (e.g. [3] [4] [5] ) and the severity of inbreeding depression is often conditional upon the current environmental conditions [8] . Here we show that one potential mechanism for these effects is that inbreeding can negatively affect the ability of individuals to adjust their decisions about investment in a life-history function in response to environmental conditions. We demonstrate that inbred females had a reduced ability to update their decisions about the number of offspring to rear due to changes in the amount of resources available to them. This failure to adjust decisions resulted in negative fitness consequences for the female as she lost more mass during reproduction and her offspring were smaller. This association between inbreeding and poor decision-making may contribute to variation in the severity of inbreeding under different environmental conditions and may be important in other ecological contexts where individuals make decisions about investment in life-history functions based on environment conditions such as mate choice or the timing of reproduction. We recommend that future research investigate how inbreeding depression in fitness-related life-history traits is linked with differences in decision-making by inbred and outbred individuals as such effects may shape the magnitude of inbreeding depression for both individuals and populations. Given that organisms are increasingly exposed to variation in environmental conditions, the effects of inbreeding on decision-making that we report may be particularly important if they limit the ability of individuals to respond to a changing environment.
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